the site where endocytosis will occur. Second, the assembled clathrin matrix causes the membrane to invaginate or bud into the cytoplasm of the neuron. This early Kimberly R. Schuske, 1 Janet E. Richmond, 
Figure 1. Sequence Alignment between C. elegans, Drosophila, and Mouse Endophilin A Proteins
Mouse endophilin A1 (accession # U58886) and Drosophila endophilin A (accession # AF426170) were used as the query in Blast searches; the C. elegans ORF T04D1.3 has the highest-scoring identity in the worm genome. The alignment shown uses a corrected version of C. elegans endophilin A, which was determined by sequencing the yk1305d cDNA (AY394006). Sequence alignments were made using Clustal X and Seq View. Dashed bar designates the BAR domain/LPAAT activity. Solid bar designates sequence corresponding to the SH3 domain. The unc-57(e406) glutamine (Q) to stop mutation is indicated. The residues removed in the unc-57(ok310) deletion are shown in brackets.
and may be required to recruit these proteins to the gans mutants that lack the endophilin protein. We demonstrate that endophilin mutants are defective for synsites where they function during endocytosis (Ringstad aptic vesicle recycling and that this defect closely et al., 1997). Dynamin is a GTPase that is required to resembles the phenotype observed in synaptojanin mucleave the vesicle from the plasma membrane. A temtants. Furthermore, the phenotypes associated with a perature-sensitive mutation in the Drosophila shibire loss of synaptojanin function are not exacerbated by gene, which encodes dynamin, causes an accumulation mutations in endophilin. Finally, our data indicate that of deeply invaginated coated pits at the plasma memendophilin is required for synaptojanin stabilization at brane (Koenig and Ikeda, 1989 ). In addition, transfection the synapse. Therefore, our study suggests that the main of the SH3 domain of endophilin in cell culture or injecrole for endophilin is as an adaptor molecule for synaptotion of this domain into the lamprey giant synapse janin. causes an accumulation of deeply invaginated pits, suggesting that this domain might be blocking dynamin function (Gad et . In C. elegans there are single genes encoding orthologs for each of these mediated endocytosis, we have characterized C. ele-It has been proposed that endophilin is an adaptor molecule required to localize the endocytic proteins dynamin and synaptojanin to endocytic zones (Ringstad et al., 1997) . If the sole role for endophilin is to localize these proteins to sites of endocytosis, then endophilin mutants should have the same phenotype as dynamin or synaptojanin mutants. However, a complete loss of dynamin/dyn-1 causes an early larval lethal phenotype in C. elegans (A.M.v.d.B., data not shown), whereas endophilin/unc-57 mutants are viable. By contrast, unc-57 mutant animals have a distinctive uncoordinated behavioral phenotype that is shared by synaptojanin/unc-26 mutants. Both mutants are small, grow slowly, exhibit jerky backward movements, and tend to coil. In addition, both unc-57 and unc-26 animals have the same level 
Endophilin Is Localized to Synapses

unc-57(ok310). unc-57(e406) was generated by EMS. unc-57(ok310)
If endophilin is required for synaptic vesicle recycling, was generated by TMP/UV. then it should be expressed in neurons and localized to synapses. To determine in which cells endophilin is expressed, 4.5 kb of upstream promoter sequence was protein subfamilies. The C. elegans endophilin A orused to drive GFP expression. Fluorescence was obtholog (T04D1.3) is 45% identical to mouse endophilin served in all neurons and the posterior intestine ( Figure  A1 and 47% identical to Drosophila endophilin A ( Figure  3A ). To determine where the endophilin protein is located, 1), but it is only 20% identical to mouse endophilin B1 GFP was fused to the C terminus of the protein. This and 16% identical to Drosophila endophilin B. In C. eleconstruct rescued the unc-57(ok310) mutant phenotype, gans the endophilin B protein, F35A5.8b, is 47% identidemonstrating that the fusion protein is properly localcal to mouse endophilin B1. We characterized the role of ized. GFP-tagged endophilin was enriched in puncta in C. elegans endophilin A in synaptic vesicle endocytosis.
all neuropil and colocalized with synaptobrevin, demon-C. elegans endophilin A is encoded by the unc-57 strating that endophilin is localized to synapses (Figure gene. There are two mutations of the gene, unc-3B). In addition, weak protein expression was observed 57(ok310) and unc-57(e406) (Figures 1 and 2) . uncin the spermatheca (data not shown). Furthermore, anal-57(ok310) is a deletion of 1.9 kb and removes exons ysis of a genotype that mislocalizes synaptic vesicles four and five. Because the endpoints of the deletion are suggests that endophilin may be associated with vesiin introns, it is possible that a truncated protein could cles. The kinesin motor protein, encoded by the uncbe generated that would contain the coiled-coil domain 104 gene, is required for synaptic vesicle transport from as well as the SH3 domain. However, conserved resithe cell body to neuromuscular junctions (Hall and dues in the BAR domain would be eliminated. The funcHedgecock, 1991; Jorgensen et al., 1995). In unc-104 tion of the BAR domain is not known but is found in mutants, GFP-tagged endophilin accumulated in the cell adaptor proteins such amphiphysin, Bin1, and the yeast bodies rather than at synapses ( Figures 3C and 3D If there is a defect in synaptic vesicle endocytosis, 0.47 docked vesicles/synapse) and 21% of the number of docked vesicles in unc-57(e406) animals compared then there should be a decrease in the number of synaptic vesicles at the synapse. We reconstructed a segment to the wild-type (4.09 Ϯ 0.63 docked vesicles/synapse). When the number of docked vesicles is normalized to of the ventral nerve cord of wild-type and unc-57 mutant animals using serial section electron microscopy. Wildthe total number of synaptic vesicles present at synapses, there is still a significant decrease in docked type animals were fixed in parallel and micrographs from the mutants and control animals were shuffled and vesicles relative to the wild-type (wild-type ϭ 10.58% Ϯ 0.81% docked vesicles/synapse; unc-57(ok310) ϭ scored blind. There was a severe depletion in the num- . We did a detailed ultrastructural characterization these vesicles are arranged on fibers. The distribution of of synapses in endophilin mutants and found that they synaptic vesicles was also altered in endophilin mutants. resemble synaptojanin mutant synapses in three ways Vesicles were found distal from the active zone and were (Table 1) . organized in long arrays of vesicles connected through First, unc-26 mutants accumulate endocytic intermefilamentous networks, giving the appearance of a diates, specifically clathrin-coated vesicles and endo-"string-of-pearls" phenotype ( Figure 5C ). This phenocytic pits. unc-57 mutant animals also exhibited a signifitype was observed in only 1 of 28 (3.6%) synapses in cant increase in the number of clathrin-coated vesicles the wild-type, but was seen in 31 of 38 synapses (81.6%) at synapses ( Figure 5A ). While these coated vesicles in unc-57(ok310) animals and 20 of 32 synapses (62.5%) were never seen in the wild-type (n ϭ 2 animals, 28 in unc-57(e406) animals. synapses), 2.7 Ϯ 0.5 coated vesicles per synapse were Third, unc-26 mutants exhibit an accumulation of cisobserved in unc-57(ok310) animals (n ϭ 2 animals, 38 synapses) and 1.7 Ϯ 0.3 coated vesicles per synapse ternae. The absence of endophilin also resulted in an accumulation of cisternae at synapses, typically near in both unc-57(e406) and unc-57(ok310) mutant animals ( Figure 6C ). The frequency of endogenous events for active zones ( Figure 5D ). Specifically, unc-57 animals wild-type animals was 77 Ϯ 3.9 fusions per second (n ϭ exhibited a 2.2-fold (ok310) and a 1.4-fold (e406) in-40), whereas for unc-57(e406) and unc-57(ok310) the crease in these structures when compared to the wildfrequency was 11 Ϯ 1.4 and 13 Ϯ 1.94 fusions per sectype. Wild-type animals had a mean of 0.64 Ϯ 0.07 cisterond, respectively (n ϭ 8 and n ϭ 16). Similarly, the ennae per section, compared to 1.39 Ϯ 0.10 cisternae per dogenous frequency of synaptic vesicle fusions in uncsection for unc-57(ok310) (p Ͻ 0.0001) and 0.89 Ϯ 0.07 26(s1710) was reduced to 12 Ϯ 1.9 fusions per second cisternae per section for unc-57(e406) (p ϭ 0.014). Thus, (n ϭ 12) compared to the wild-type, which was not differthe same ultrastructural defects observed in synaptoent from either of the unc-57 mutants. Mini frequencies janin mutants are also observed in endophilin mutants.
in unc-57(e406) unc-26(s1710) and unc-57(ok310) unc-26(s1710) double mutants were reduced to 17 Ϯ 1.9 Endophilin Mutants Exhibit Defects (n ϭ 12) and 16 Ϯ 1.7 (n ϭ 19) fusions per second, in Neurotransmission respectively. In neither case were the double mutants The similarity of the phenotypes observed for endophilin more severe than the single mutants. 26) compared to the first stimulation, whereas the evoked currents were 11% Ϯ 2.2% (n ϭ 9) in unc-57(e406) and 15% Ϯ 2.3% (n ϭ 13) in unc-57(ok310). These data suggest that unc-57 mutants have a pool of synaptic vesicles that can be released upon stimulation but that the pool is depleted more rapidly than in wildtype worms. More importantly, synaptojanin mutants are not exacerbated by the addition of mutations in endophilin. unc-26(s1710) trains were reduced to 21% Ϯ 5% (n ϭ 11), and the unc-57(e406) unc-26(s1710) and unc-26(s1710) unc-57(ok310) double mutants were reduced to 11% Ϯ 2.2% (n ϭ 9, p Ͼ .05) and 20% Ϯ 2.9% (n ϭ 3, p Ͼ 0.49) of the first stimulation, respectively. Therefore, in all three assays, unc-57 mutants, unc-26 mutants, and unc-57 unc-26 double mutants had equivalent neurotransmission defects.
Overexpression of Synaptojanin Does Not Rescue Endophilin Mutants
The double mutant data demonstrate that endophilin acts in the same pathway as synaptojanin, but it does not distinguish whether endophilin acts on synaptojanin or whether synaptojanin acts on endophilin. Often a defect in a molecular pathway can be corrected by overexpressing or constitutively activating a downstream component of the pathway. We tested whether overexpression of synaptojanin could rescue endophilin mutants and whether overexpression of endophilin could rescue synaptojanin mutants. Minigenes with GFP tags were constructed for both synaptojanin and endophilin. High-copy transgenic arrays were generated by microinjection and then integrated into chromosomal DNA to insure stable inheritance. The tagged protein constructs for UNC-26 and UNC-57 rescued unc-26 and unc-57 mutants, respectively; thus, the proteins generated by these transgenes are expressed and functional (Figure 7) . The synaptojanin multicopy array (U26-OE) was crossed into an endophilin mutant background (unc-57(ok310)). This strain was wild-type at the unc-26 locus; thus, synaptojanin expression was the sum of protein expressed from the endogenous locus and the transgene. The strain was tested for rescue using three assays: Aldicarb sensitivity, evoked responses, and fatigue. Aldicarb is an acetylcholinesterase inhibitor; treated animals accumulate acetylcholine and become paralyzed. Aldicarb sensitivity is an assay in which both increases and decreases in neurotransmitter release can be detected. We observed that endophilin mutants were strongly resistant to Aldicarb and that overexpression of synaptojanin in this strain did not alter the resistance of the unc-57 mutants ( Figure 7A ). Evoked responses from endophilin mutants were also unaffected by overexpressing synaptojanin (Figure 7B ). Specifically, the average evoked amplitude in unc-57(ok310) overexpressing synaptojanin was 1538 Ϯ 285 pA (n ϭ 7), which was not significantly different from unc-57(ok310) alone (1378 Ϯ 100, n ϭ 14; p Ͼ 0.5). Finally, the increased fatigue observed in endophilin mutants was similarly unaffected by synaptojanin overexpression ( Figure 7C ). Fatigue after 10 stimulations in unc-57(ok310) overexpressing synaptojanin was 21% Ϯ 5.9% (n ϭ 7) compared to 15% Ϯ 2.3% (n ϭ 13, p Ͼ 0.26). GFP-tagged endophilin was localized correctly to synrescence was reduced in unc-57(ok310) mutants by 16% in the cell bodies (average intensity on scale of 0 apses in unc-26(s1710) mutant animals and was in fact brighter than in wild-type animals ( Figure 8A ). By conto 255: 98.5 in the control, 82.6 in unc-57(ok310), p ϭ 0.0006) and 25% in the ventral cord (average intensity trast, synaptojanin-GFP appeared to be reduced in levels and was diffuse in unc-57(ok310) mutants ( (David et al., 1996) . in protein retrieval from the plasma membrane. Second,
The endophilin multicopy array (U57-OE) was crossed into a synaptojanin mutant background (unc-26(s1710)). Synaptojanin mutants were equally resistant to
The data described here demonstrate that endophilin there is a severe depletion of synaptic vesicles at the and synaptojanin function as a complex. In the simplest neuromuscular junction in unc-57 mutants compared to model, endophilin localizes synaptojanin to particular the wild-type. Third, there is a physiological depletion patches of membrane from which PIP 2 must be deof synaptic vesicles; the frequency of synaptic vesicle graded. However, it is also possible that endophilin has fusions is decreased by 86% in unc-57 mutants. This functions that require synaptojanin. For example, envalue corresponds well to the 86% depletion of vesicles dophilin might require synatojanin binding to activate docked at the plasma membrane in these animals. membrane remodeling via its lysophosphatidic acid acyl transferase (LPAAT) activity ( were prepared in parallel for transmission electron microscopy as previously described ( thin contiguous sections were cut and the ventral nerve cord reconpDR1: unc-57 Rescue Construct structed from two animals representing each genotype (total of 1297 2 kb of upstream endophilin promoter sequence was amplified by sections from 6 different animals). Image analysis was performed PCR from genomic DNA using primers of sequence GCGAAGCTTT using NIH Image software. CCAATTTTTTTCAAATATCCGC and GTCGATACGTTTCTGCAG Quantitation CATCG and was subcloned into the Fire vector pPD95.81 using All quantitation was obtained from cholinergic neurons VA and VB HindIII and PstI. The 3Ј end of the endophilin gene was PCR amplified and the ␥-aminobutyric (GABA) neuron VD (White et al., 1976) . A from N2 genomic DNA using primers of sequence CGCGGATCCT synapse was defined as the serial sections containing a presynaptic CAAAATTTTCAGAAAAATGTCGTTG and CGCACCGGTTACGGTAC density as well as two sections on either side of that density. Docked CTTAAGAGGCACTAGAACCTGTAC, which contains an AgeI restricvesicles were defined as those vesicles that were contacting the tion site. The endophilin rescue construct was made by subcloning plasma membrane adjacent to the presynaptic density and juxtathe 3Ј end of the endophilin gene into the endophilin promoterposed to muscle. Vesicles defined as "close" were those that were containing construct using PstI and AgeI. pDR1 was injected into within one vesicle diameter (35 nm) from the plasma membrane. unc-57(ok310); lin-15(7765ts) at a concentration of 20 ng/l along with the co-injection marker Punc-122:GFP (60 ng/l) (gift of P.
Quantitative Fluorescent Microscopy Sengupta) to generate oxEx422 and oxEx423.
Images were collected using a 40ϫ objective on a Biorad Radiance pKS31: U57GFPctl Translational Construct 2000 confocal microscope. Animals were immobilized with 2% pheThis construct was made essentially as described for pDR1 except noxypropanol and rotated such that their ventral cords were facing that the 3Ј end of the endophilin gene was cloned into the endophilin up. The same region of the ventral cord, anterior of the vulva, was promoter construct using PstI and KpnI. pKS31 was injected into imaged in each worm and all images were obtained using the same unc-57(ok310); lin-15(n765ts) worms at a concentration of 0.75 ng/ settings, on the same day, using a laser that was allowed to stabilize l along with EK L15 (50 ng/l) (Clark et al., 1994 ) and 1 kb ladder for 30 min before imaging. Maximum intensity projections of Z-series (50 ng/l) to generate oxEx462. EG2941 containing oxEx462 was stacks were analyzed using Image J software. Cell bodies and the irradiated with 4000 Rads of X-ray to obtain an integrated array ventral cord were outlined for each worm. In a given worm, the cell oxIs91[UNC-57-GFP; lin-15(ϩ)].
bodies and ventral cord sections were multiplied by the area that pKS32: u26GFPntl Translational Construct was outlined, and the values were summed and then divided by the A NotI site was created in pPD95.67 (pPD95.67NotI) by PCR amplitotal cell body or ventral cord area in order to obtain an average fying GFP using GFP 5Ј: GAAGAAGCGTAAGGTACCGGTAG and cell body or ventral cord fluorescent value for each worm. These GFPNot: GAATTCGCGGCCGCTTTGTATAGTTCATCCATGCCATG.
average cell body and ventral cord fluorescent values were then The unc-26 cDNA, yk453b7 from Yuji Kohara, was used as template averaged over nine worms for both the control (unc-26(s1710); oxIsin order to create NotI sites on either side of the unc-26 sequence, 92[GFP:UNC-26]) and the mutant (unc-57(ok310); unc-26(s1710); u26NotI: GCGGCCGCTATGTCAGTTCGAGGGATTCGG and u26Not2: oxIs92) strains. The quantitative analysis was performed indepen-GCGGCCGCTCTACATATTTTTTGGTCTAGGTGG, and was cloned dently by two individuals, one of which was given images that had into the NotI site of the vector pPD95.67NotI. The UNC-26:GFP been blinded. In each case the values obtained were virtually idenfusion is driven by the neuron-specific rab-3 promoter (Nonet et al., tical. 1997) using a PstI fragment (Marc Hammarlund, personal communication). pKS32 was injected into unc-26(s1710); lin-15(n765ts) worms at a concentration of 7 ng/l along with EK L15 (50 ng/l) Acknowledgments and 1 kb ladder (45 ng/l) to generate oxEx475. The strain EG3000 containing oxEx475 was irradiated with 4000 Rads of X-ray to obtain
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